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E-mail addresses: zxdeng@sjtu.edu.cn (Z. Deng), dlDNA phosphorothioation is widespread in many bacterial species. By homology analysis of the dnd
gene cluster in Pseudomonas ﬂuorescens Pf0-1, a spfBCDE gene cluster involved in DNA phosphoro-
thioation was localized. Disruption of the spfD gene, a dndD homolog, caused the loss of the Dnd
phenotype and demonstrated the involvement of spfD in DNA phosphorothioation in P. ﬂuorescens
Pf0-1. The ATPase activity of SpfD suggests that SpfD could hydrolyze ATP to provide the energy
required in the DNA phosphorothioate modiﬁcation process.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction ating pyrophosphate (PPi). DndA was characterized as a cysteineOrganisms found in Pseudomonas spp., a gamma subclass of Pro-
teobacteria, are ubiquitous inhabitants of soil, water and plant sur-
faces [1]. Pseudomonas ﬂuorescens is a non-pathogenic saprophyte
that produces a soluble, green ﬂuorescent pigment under low iron
conditions. This bacterium has been of recent interest due to its
versatile metabolism, ability to colonize roots and suppress soil-
borne diseases suppression and potential function as a biological
control agent [2,3]. The genomic DNA of P. ﬂuorescens Pf0-1 (Gen-
Bank ID: CP000094) has been completely sequenced. Within the
genome, a gene (GeneID: 3715044; Locus tag: Pﬂ01_0740), named
spfD was found to be homologous to dndD, which is located in the
dnd gene cluster (dndA-E) of Streptomyces lividans 1326. This dnd
gene cluster is associated with DNA sulfur modiﬁcation causing
DNA degradation (Dnd) phenotype during electrophoresis in the
presence of Tris [4–8]. Through [35S] L-cysteine feeding experiment
andmass spectrometric analysis, Wang et al. revealed that ﬁve Dnd
proteins can replace the non-bridging oxygen in the DNA sugar
phosphate backbone with sulfur to form a phosphorothioate link-
age in a sequence- and stereo-speciﬁc manner [9]. To understand
the biochemical pathway that leads to this DNA phosphorothioate
modiﬁcation, two Dnd proteins from S. lividans 1326 were investi-
gated. DndC protein, an ATP pyrophosphatase harboring an [4Fe–
4S] iron–sulfur cluster, was discovered to hydrolyze ATP by gener-chemical Societies. Published by E
Deng), +86 21 62932418 (D.
you@sjtu.edu.cn (D. You).desulfurase that catalyzes the formation of L-alanine and elemental
sulfur using L-cysteine as substrate. DndA is additionally capable of
assembling DndC as an iron–sulfur cluster protein [10–13]. In vitro
studies on the functions of other Dnd proteins have been limited
due to the lack of appropriate expression systems.
In this study, a spfBCDE gene cluster in P. ﬂuorescens Pf0-1 was
identiﬁed by sequence comparison, and test by Dnd phenotype.
The spfBCDE gene cluster has an organization identical to that of
dndBCDE in S. lividans 1326, exhibiting 51%, 49%, 31% and 39% ami-
no acid sequence homology to their encoded proteins (DndBCDE),
respectively. We demonstrated that a spfD disruption mutant, YF1,
lost the Dnd phenotype during electrophoresis. We also success-
fully cloned and expressed the SpfD protein for use in functional
analysis experiments. The result suggested that SpfD acted as an
ATPase.2. Materials and methods
2.1. Bacterial strains and plasmids
The strains and plasmids used in this study are listed in Table 1.
2.2. General growth conditions for and genetic manipulations of
P. ﬂuorescens and Escherichia coli
Strains of E. coli and P. ﬂuorescens were grown at 37 C and
30 C, respectively and routinely cultivated in Luria–Bertanilsevier B.V. All rights reserved.
Table 1
Strains and plasmids.
Strains Characters Source
E. coli HB101 supE44, D(mcrC-mrr), recA13, ara-14, proA2, lacY1,
galK2, rpsL20, xyl-5, mtl-1, leuB6, thi-1
[23]
E. coli DH10B F mcrA D(mrr-hsdRMS-mcrBC) u80dlacZDM15
DlacX74 deoR recA1endA1araD139 D(ara, leu)7697 galU
galK k- rpsL nupG
GIBCO BRL
E. coli BL21(DE3) hsdS gal,
chromosomal insertion of T7 pol [24]
P. ﬂuorescens
Pf0-1
Wild-type Lab
collection
YF1 P. ﬂuorescens Pf0-1 mutant with disruption of spfD This study
Plasmids Characters Source
pME497 Mobilizing plasmid, IncP-1, Tra RepA(Ts), Apr [25]
pME3087 Suicide vector, ColE1 replicon, RK2-Mob, Tcr [26]
pET-28a Expression vector, pBR322 replicon, PT7, His6 Tag, Kmr Novagen
pBluescript
SK(+)
Bla, lacZ, orif1, ColE, Apr Stratagene
pJTU2451 pME3087 derivative containing 1238-bp fragment from
spfD
This study
pJTU2460 pBluescript SK(+) derivative containing spfD This study
pJTU2462 pET28a derivative containing spfD from pJTU2460,
expression vector
This study
730 F. Yao et al. / FEBS Letters 583 (2009) 729–733medium [14]. The media were solidiﬁed by the addition of 1.5%
agar as needed. For strains containing plasmid, antibiotics and sup-
plements were added at the following concentrations: ampicillin
(Ap), 100 lg/ml; chloramphenicol (Cm), 25 lg/ml; kanamycin
(Km), 25 lg/ml; tetracycline (Tc), 25 lg/ml for E. coli or 125 lg/
ml for P. ﬂuorescens; and isopropyl-b-D-thiogalactopyranoside
(IPTG), 0.5 mM for E. coli BL21 (DE3) plysE.
Enzymes for DNA manipulation were purchased from New Eng-
land Biolabs (Beverly, MA). Synthetic oligonucleotides were ob-
tained from Shanghai Sangon Biological Engineering Technology
and Services (Shanghai, China). Columns of HitTap-chelating and
Superose 12 (10/30) were purchased from Amersham Pharmacia
Biotech (Uppsala, Sweden), Centricon Plus-20 (PL-10) Centrifugal
Filter Devices from Millipore (Bedford, MA), EnzCheck pyrophos-
phate assay kit from Molecular Probes Inc. (Eugene, OR), and Coo-
massie Blue protein assay reagent from Bio-Rad. All other reagents
were analytical grade.
2.3. Bacterial matings
Tri-parental matings of P. ﬂuorescens recipients with E. coli
donors containing a mobilizible plasmid (pJTU2451) and E. coliFig. 1. The genetic organizations of the gene clusters involved in the Dnd phenotype. T
those dnd homologous gene clusters in S. lividans 1326, S. avermitilis MA-4680 and E. col
homologues were highlighted with black arrows. The individual gene accession numberhelpers containing a mobilizing plasmid (pME497) were per-
formed according to Schinder et al. [15].
2.4. Construction of the P. ﬂuorescens Pf0-1 mutant YF1
A 1238 bp fragment within the locus of spfD was ampliﬁed
using the following oligonucleotide primers: upstream primer P1,
50-CGGAATTCTTGCGGAAGACTGGGATGAA-30, containing an EcoRI
restriction site (underlined); downstream primer P2, 50-
CGGAATTCGATGGAAACGGCATAGGT-30, containing an EcoRI
restriction site (underlined). The PCR products were then digested
with EcoRI and cloned into vector pME3087, resulting in pJTU2451
which was mobilized into P. ﬂuorescens Pf0-1 through tri-parental
matings. Mutant YF1 with a chromosomal disruption of spfD was
selected for based on tetracycline resistance and the expected
2353 bp product was conﬁrmed by PCR ampliﬁcation using the
following primers: upstream primer P3, 50-TAAAGGCGTATCGAC-
TATCA-30 within the spfD locus; downstream primer P4,
50-TGCCTCGTGAAGAAGGTGTT-30 within the integrated pME3087.
2.5. Cloning and expression of the spfD gene
The coding region of the SpfD protein was ampliﬁed via PCR
using total DNA as the template. The following oligonucleotide
primers were used: upstream primer, 50-GCTAGCATGGCAAAGT-
TATCCATCA-30, containing a NheI recognition site (underlined)
with the ATG start codon; downstream primer, 50-GCGGCCGCTCA-
TAGGGTATCTAACTGGA-30, containing a NotI recognition site
(underlined) with the TGA stop codon. The PCR product was puri-
ﬁed and inserted into the pBluescript II SK(+) plasmid (Stratagene)
to obtain pJTU2460 for sequencing. The NheI/NotI-digested frag-
ment from pJTU2460 was inserted into the corresponding sites of
the pET28a expression vector (Novagen), generating pJTU2462
expressing SpfD protein with an N-terminal His-Tag. E. coli BL21
(DE3) harboring pJTU2462 was grown to an A600 of 0.8 at 37 C,
and subsequently induced at 18 C for 24 h with 0.5 mM IPTG.
The bacteria were harvested by centrifugation, after which the cell
pellets were re-suspended in buffer A (20 mM Tris–HCl pH 7.4,
150 mM NaCl).
2.6. Puriﬁcation of SpfD protein
Re-suspended bacteria were subjected to three complete
freeze–thaw cycles and then sonically lysed. The supernatant
was collected by centrifugation before applied to a HiTraphe organization of clustered spfBCDE genes from P. ﬂuorescens Pf0-1 was similar to
i B7A, while the spfA was similar to dndA but separated from the cluster. The DndD
in GeneBank was shown.
Fig. 2. Inactivation of P. ﬂuorescens Pf0-1 spfD and analysis of the Dnd phenotype. (A) Schematic representation of disruption of spfD in P. ﬂuorescens Pf0-1 mutant YF1. (B) The
Dnd phenotype assay by PFGE: genomic DNA from E. coli B7A (lane 2) and wild-type P. ﬂuorescens Pf0-1 (lane 3) with DNA degradation; DNA from E. coli DH10B (lane 1) and
YF1 (lane 4) with DNA intactness.
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buffer B (20 mM Tris–HCl pH 7.4, 150 mM NaCl, 500 mM imidaz-
ole) from 0% to 60% over 20 min. Fractions containing His-Tag la-
beled SpfD were pooled and concentrated to 0.5 ml in Centricon
Plus-20 (PL-10) Centrifugal Filter Devices for the Superose 12 10/
30 column separation using the ÄKTA-fast protein liquid chroma-
tography system (Amersham Pharmacia Biotech). Proteins were
eluted with buffer A at a ﬂow rate of 0.5 ml/min, with fractions
containing SpfD protein pooled. Protein concentration was deter-
mined using the Bradford protein assay kit with bovine serum
albumin as a standard.
2.7. ATPase activity assay
The ATPase activity of SpfD was assayed using the EnzCheck
pyrophosphate assay kit. In this assay, the presence of
inorganic phosphate (Pi) activates the enzymatic conversion of 2-
amino-6-mercapto-7-methylpurine ribonucleoside (MESG) by pur-
ine nucleoside phosphorylase (PNP) to form ribose 1-phosphate and
2-amino-6-mercapto-7-methylpurine. Enzymatic conversion of
MESG results in a shift in absorbance maximum from 330 nm for
the substrate to 360 nm for the product. Since the puriﬁed SpfD
was identiﬁed as a potential ATPase protein, a possible pathway in-
volves SpfD converting ATP to ADP and Pi, thereby activating the
enzymatic conversion of MESG. Therefore in this assay ATPase re-
placed the inorganic pyrophosphatase. One unit of enzyme was de-
ﬁned as the amount of enzyme that catalyzes the formation of
1 nmol of the product (Pi) per min. Speciﬁc activity was expressed
as units/mg of protein.Fig. 3. Puriﬁcation and ATPase activity analysis of P. ﬂuorescens Pf0-1 SpfD. (A) SDS–
PAGE analysis of puriﬁed SpfD proteins (Coomassie brilliant blue R-250 stained).
Lane 1, Molecular markers (kDa); lane 2, whole cell lysates before induction; lane 3,
whole cell lysates after induction; lane 4, the soluble fraction after sonication; lane
5 pooled fractions from HiTrap chelating; lane 6, pooled fractions from Superose 12.
(B) The ATPase activity of SpfD was assayed by measuring an increase in inorganic
phosphate (Pi) as a result of hydrolysis of ATP. The assay was carried out in a 0.5 ml
reaction volume containing 0.2 mM MESG, 1 U purine nucleoside phosphorylase,
1 mM ATP, 1 reaction buffer and 1.2 nmol SpfD. The absorbance at 360 nm was
measured at after incubation at 22 C and corrected for absorbance at 360 nm with
a control reaction lacking SpfD. The amount of Pi produced at each time point (d)
was quantiﬁed. The Pi production was determined based on a standard KH2PO4
curve. The initial velocity was calculated to be 0.594 ± 0.067 nmol/min.3. Results and discussion
3.1. spfBCDE genes from P. ﬂuorescens Pf0-1 are homologs of the
dndBCDE genes from S. lividans 1326
The result of pulsed ﬁeld gel electrophoresis (PFGE) showed
that the total DNA from P. ﬂuorescens Pf0-1 degraded during elec-
trophoresis (Fig. 2B). It revealed that P. ﬂuorescens Pf0-1 possessed
the identical Dnd phenotype diagnostic for DNA phosphorothio-
ation modiﬁcation as with S. lividans 1326. This result suggests that
the genes responsible for DNA phosphorothioation might also exist
in P. ﬂuorescens Pf0-1. Previous studies have identiﬁed the dndA-E
and EcB7A 5348-5351 gene clusters as those responsible for the se-
quence-selective DNA phosphorothioate modiﬁcation in S. lividans
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phosphorothioate modiﬁcation, and was conﬁrmed to be a NifS-
like cysteine desulfurase [12]. Most organisms, however, have
more than one copy of the nifS homologue. In P. ﬂuorescens Pf0-1,
the organization of spfA and clustered spfB-E genes is similar to that
of the dndA-E genes (Fig. 1), suggesting that spfA-E genes might be
responsible for DNA phosphorothioation modiﬁcations.
3.2. Disruption of spfD gene from P. ﬂuorescens Pf0-1 chromosome
reveals the essentiality of spfD for DNA phosphorothioation
To address the relationship between spfA-E and the Dnd pheno-
type, we constructed a spfD disruption mutant, YF1, by a chromo-
somal single-crossover as described in Section 2. Subsequent
agarose gel electrophoresis as well as PFGE analysis conﬁrmed that
the mutant YF1 lost the Dnd phenotype as compared to its wild-
type P. ﬂuorescens Pf0-1 counterpart (Fig. 2). The loss of the Dnd
phenotype suggests that spfD gene is essential for DNA phosphoro-
thioate modiﬁcations.
3.3. Heterologous expression and puriﬁcation of SpfD
The expressed and puriﬁed SpfD containing an N-terminal His-
Tag has an estimated molecular mass of approximately 77 kDa as
determined by SDS–PAGE (Fig. 3A), which is consistent with ex-
pected size of SpfD based on the spfD gene sequence (75044 Da).
About 3 mg of homogeneous SpfD protein can be obtained fromFig. 4. Multiple protein alignment of SpfD and DndD homologues with ABC proteins. Mu
and DndD homologues. The black bold underlines highlight the similar Walker A motif w
pound keys (#) are the conserved residues. ABC proteins: Rad50, DNA double-strand br
(PDB entry: 1g29, chain 1); SbcC_ECOLI: Nuclease sbcCD subunit C (GenBank Accession
GenBank Accession No. ABA72483; DndD in Streptomyces lividans 1326, AAZ29043; SAV_
in Burkholderia ambifaria MC40-6, ACB62512; BCZK0832 in Bacillus cereus E33L, AAU194
Enterobacter sp. 638, ABP59158; PSHAb0096 in Pseudoalteromonas haloplanktis TAC12
Oceanobacter sp. RED65, EAT12952; Gura_2475 in Geobacter uraniireducens Rf4, ABQ
RD1_0800 in Roseobacter denitriﬁcans OCh 114, ABG30478; Meso_4571 inMesorhizobium
Vibrio cholerae MZO-3, EAY42596; Mboo_0358 in Candidatus Methanoregula boonei 6
Clostridium botulinum E3 str.Alaska E43, ACD52375; MAB_1096 in Mycobacterium ab
EAT1bDRAFT_1708 in Exiguobacterium sp. AT1b, EDU20822; DalkDRAFT_5061 in Desulfaone liter of culture in a representative puriﬁcation after HiTrap
chelating and Superose puriﬁcation. Soluble expression of spfD
gene suggests that the spfBCDE gene cluster from P. ﬂuorescens
Pf0-1 may provide an alternative and perhaps more convenient
system for the functional study of the genes involved in DNA
phosphorothioation, as previous studies have indicated that S. liv-
idans dndD gene was stubbornly expressed in E. coli as inclusion
bodies.
3.4. The ATPase activity of SpfD might play an important role during
the DNA phosphorothioation process
As demonstrated, the Dnd phenotype is not conﬁned to S. livi-
dans 1326 and P. ﬂuorescens Pf0-1. A wide-spectrum of bacterial
strains was found to possess this Dnd phenotype, including Salmo-
nella spp., E. coli, Mycobacterium abscessus, and Bacillus cereus
([9,16], Ou et al. in preparation). The multiple protein alignment
of DndD homologues from different species with some known pro-
teins possessing ATPase activity showed that SpfD with its Dnd
counterpart proteins shared a conserved Walker A motif [17]
(ATP binding signature: A/Gx4GKT/S, where x is any residue),
which is found in some ATP-utilizing enzymes (Fig. 4). These
homologues consist of a known ATPase involved in DNA repair like
Rad50 [18] and proteins participating in ATP-binding-cassette
(ABC) transport systems like MalK [19], with characteristic ATP-
hydrolyzing domain. We set out to test the hypothetical ATPase
activity of the SpfD protein and indeed, the speciﬁc activity ofltiple protein sequences alignment with some ATP-binding-cassette (ABC) proteins
ith characteristic sequences of A/Gx4GKT/S, with all sharing a catalytic site ‘K’. The
eak repair protein (PDB entry: 1f2u); MalK, subunit of the maltose ABC transporter
No. P13458). DndD counterpart proteins: SpfD in Pseudomonas ﬂuorescens Pf0-1,
2930, BAC70641; EcB7A_5349 in Escherichia coli B7A, EDV61029; BamMC406_0010
12; Spea_2307 in Shewanella pealeana ATCC 700345, ABV87627; Ent6380_0470 in
5, CAI89145; HCH_07044 in Hahella chejuensis KCTC 2396, ABC33659; RED65 in
26653; PU1002_00510 in Candidatus Pelagibacter ubique HTCC1002, EAS84158;
sp. BNC1, ABG65590; A5A_0792 in Vibrio choleraeMZO-2, EDM55851; A51_B0785 in
A8, ABS54878; VFMJ11_A0169 in Vibrio ﬁscheri MJ11, ACH63673; CLH_1925 in
scessus, CAM61185; AC7_1518 in Clostridium perfringens NCTC 8239, EDT78257;
tibacillum alkenivorans AK-01, EDQ28424.
F. Yao et al. / FEBS Letters 583 (2009) 729–733 733the SpfD protein as an ATPase was 6.201 ± 0.695 units/mg of pro-
tein (Fig. 3B). This was also in agreement with the bioinformatic
detection of the extensive homology between SpfD and ABC-SbcC
proteins in E. coli (SbcC_ECOLI [20]), which is characterized as a
member of the structural maintenance of chromosomes (SMC) pro-
tein family associated with ATPase activity [21]. This family of the
proteins has been demonstrated to be the key players in various
chromosome dynamics [22]. The in vitro hydrolysis of ATP by re-
combinant SpfD thus suggested that this protein could function
as an SMC-family of ATPase and likely provide the energy for sta-
bilizing DNA secondary structure during DNA phosphorothioation
process, as was proposed earlier [4].
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